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MODIFICATION OF THE ADHESIVE FORCE BY CHANGING THE 
RADIAL REACTION ON VEHICLE WHEELS 
 
Summary. This article deals with the possibilities of adhesion force changes of a road 
vehicle. The authors present the possibilities of reducing the adhesion force of road 
vehicles and, at the same time, present their own system for changing the radial reaction of 
the vehicle wheels. This system removes the disadvantages of a commercially available 
SkidCar system. A representative road test is chosen in the article to determine the stability 
in a straight-line drive. Furthermore, the authors report the courses of characteristic 
parameters describing the behavior of a vehicle for driving a conventional car on a sliding 
surface and compared to the 50 % radial reaction of a vehicle driven with the SlideWheel 
on dry asphalt. It is clear from the measured runs that it is possible to change the adhesion 
force by changing the adhesion weight transmitted by the vehicle wheels. The use of the 
proposed SlideWheel system is possible for the purpose of verifying vehicle stability, while 
improving the driver's ability to operate the vehicle under reduced-adhesion conditions. 
The main goal of this paper is to design a system for reducing the adhesive force in an 





When developing not only autonomous vehicles, manufacturers influence the structure of cars. It is 
therefore necessary to test these vehicles both in the field of safety and in the area of driving stability. 
These are mainly vehicles that were originally designed for a combustion engine power unit and 
subsequently adapted to operate on electrical energy.  
The position of the center of gravity has a significant influence on the stability of the vehicle. This is 
precisely the factor that will change significantly for the electric installation. Heavy batteries, which are 
most often placed in place of the original fuel tank and that occupy a larger part of the luggage 
compartment of the car [1-3], have a major influence on the change. This moves the center of gravity of 
the car closer to the rear axle [3] and makes the vehicle more susceptible to oversteer in terms of vehicle 
stability. Therefore, stability tests are important in this area. Testing of vehicles is possible directly under 
real conditions [4]. Testing the stability of vehicles under real conditions is the most meaningful test 
possible. Since this kind of testing depends on suitable weather conditions, it is not possible to carry 
them out throughout the year. Car manufacturers strive to make vehicle testing as simple as possible and 
to be possible when designing a car. One of the possibilities is simulation tests using the SW model [5]. 
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The tests have low demands in terms of time and costs. Therefore, these methods of driving stability 
verification are used at the time when changes are made in car design before any physical vehicles are 
created or modifications to an existing vehicle are made. In order to achieve the objectives of the 
European Union to minimize the severity and consequences of road accidents [6] in the long term, it is 
essential to place sufficient emphasis on the construction of cars. At the same time, irrespective of how 
well the car is designed, it is still not possible to eliminate driver error [7]; hence, various steps must be 
taken to develop correct driving habits [2]. These habits include increasing the „co-existence” of a driver 
and a car. This is a specific state when the driver knows the limits of controlling the car.. In order to 
increase these non-tangible outputs, it is appropriate to increase the co-existence of the driver and car 
by means of road tests under reduced-adhesion conditions [8]. 
 
 
2. MATERIALS AND METHODS 
 
The simulation of the adhesive conditions is carried out in order to bring the car to a limit state at 
a „safe” speed. The limit state is skidding of the vehicle [3]. Safe speed is the speed at which there is no 
risk of injury to persons in the vehicle or serious damage to the vehicle and other equipment in the event 
of an accident [9]. Conditions for the adhesion force change 𝐹!" transmitted between the road surface 
and wheels are defined by equation (1) and are determined by the adhesion weight 𝐺!" and the 
coefficient of adhesion 𝜑, which represent the contact properties of the road. 
𝐹!" = 𝐺!" ∙ 𝜑 = ∑ 𝑍#! ∙ 𝜑
$
%&' 		,          (1) 
where Fad – adhesion force, N; Gad – adhesion weight, N;  j – coefficient of adhesion, Zki – radial 
reaction of the car wheel, N; i – number of car wheels. 
Equation (1) shows that the adhesive force can be reduced by reducing the coefficient of adhesion or 
by reducing the adhesion weight of the wheel or wheels of the vehicle. 
The coefficient of adhesion may be reduced by means of road tests carried out on roads covered by 
snow or frost, or on wet surfaces. The driving tests are directly linked to the weather conditions here. In 
case of reduced dependence on weather conditions, tests are carried out on sliding surfaces [10,11] or 
on a slide foil [5], which are sprayed with water.  In these driving tests, the coefficient of adhesion is 
constant between 0.2 and 0.5. A disadvantage of the sliding surfaces is that they are visually different 
from normal roads and that they must be continuously sprayed with water. Despite these disadvantages, 
sliding surfaces are most commonly used for testing cars because no additional modifications of the 
vehicle are required. The specific road test involves the use of a reduced-adhesion tire, referred to as 
EasyDriftRing. Again, the coefficient of adhesion is constant and is determined by the material and the 
special tire design [12]. 
The second method of reducing the coefficient of adhesion is to reduce the radial reaction transmitted 
by the wheels on the road [12]. Today, a commercially available device bearing the SkidCar label is 
available. In fact, it is an auxiliary frame that is attached to the vehicle. The SkidCar frame includes 4 
support wheels attached to the frame using a hydraulic cylinder. The reduction of the adhesive force is 
achieved by means of a controller in the vehicle’s interior, where the operator selects the appropriate 
driving mode. It is then possible to reduce the adhesive force for the whole vehicle, or only for the 
selected axle, by raising the car over the support wheels using a hydraulic system. The alternative design 
of the SkidCar for the experimental vehicle is shown in Fig. 1. 
The disadvantages of the SkidCar system are a significant increase in the weight of the car being 
tested, the support wheels, together with the frame, exceed the top outline of the vehicle, and SkidCar 
is always manufactured for a particular type of vehicle. The huge drawback is that the frame markedly 
reduces roll rotation and pitch rotation of the car body. 
 
2.1. SlideWheel system 
 
To overcome the disadvantages of the SkidCar, the SlideWheel (SW) system was designed (Fig. 2). 
SlideWheel consists of three circuits. The first circuit is the mechanical part of the wheel unit, the second 
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circuit consists of a hydraulic system, and the third circuit is an electrical system used to control the lift 








Fig. 2. Experimental vehicle with SlideWheel at the static radial reaction setting of the wheels 
 
We have designed a compact wheel unit so that the support wheel, together with the fork, rotates 
around the axis of the guide pin. Vertical displacement can be changed by sliding between the guide pin 
and the wheel unit body. The role of the hydraulic circuit is to raise the wheel to the desired radial load 
value. The electric control is only the basic version, where one switch is used to fill (reduce the radial 
reaction of the wheel) the wheel unit and the other to drain (increase the radial reaction of the wheel) 
the wheel unit. The circuits are controlled from the passenger's position.  
 
2.2. Experimental measurements 
 
To verify the behavior of the vehicle with SW, we have chosen panic braking in a straight line as 
a driving test. The experimental measurements were performed for two cases that were compared with 
each other. The first set of measurements involves driving of an experimental vehicle on a slide foil 
(referred to hereinafter as EX) and the second set of measurements involves driving on a dry road with 
a coefficient of adhesion j = 0.8, where we changed the value of the radial reactions to 50% of the static 
values with SW (referred to hereinafter as SW). The route corridor t4 was determined by the traffic cones 
K, which have a distance tk from each other according to Fig 3. 
During driving tests, the following parameters were recorded for monitoring the behavior of the 
vehicle. The speed v, the directional deviation angle j, and the yaw rotation speed of the vehicle w were 
measured using the Correvit sensor. Transverse ay and longitudinal ax acceleration values were measured 
using a two-axis acceleration sensor. We measured the steering wheel angle bV indirectly using the 
analogue position sensor and calculated it using equation (2) according to the cable displacement of the 
sensor wound on the steering column.  
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− 𝛽(/,      (2) 
where  bv – actual steering wheel angle, °; bvo – steering wheel angle during the verification 
measurement, °; ll – cable extension from the steering wheel angle sensor, m; rv – steering column shaft 
radius, m. We calculated the body pitch angle αi (Fig. 4) from the signals of a pair of ultrasonic proximity 
sensors located at the center of gravity plane of the vehicle at the front and rear of the vehicle, where H1i 
(H2i) is the vertical distance of the measuring point from the ground at the front (rear) of the vehicle at 
time tI, Ax is the distance between the measuring points in the longitudinal plane of the vehicle, and H1o 
(H2o) is the distance of the measuring point at the front (rear) of the vehicle from the road during 
a compensatory measurement. 
𝛼! = tan"# &
(%!""%!#)"(%$""%$#)
'%
'	,     (3) 
where αi – body pitch angle, °; H1i – vertical distance of the measuring point from the ground at the 
front of the vehicle, m; H2i – vertical distance of the measuring point from the ground at the rear of the 
vehicle, m; H1o – distance of the measuring point at the front of the vehicle from the road during 
a compensatory measurement, m; H2o – distance of the measuring point at the rear of the vehicle from 
the road during a compensatory measurement, m; Ax – longitudinal distance between sensors, m. 
 
Fig. 4. Body pitch during braking 
 
Before starting the experimental measurements on the corridor, we first performed compensatory 
measurements. This measurement is used to obtain a set of compensatory data to test the measurement 
chain for functionality. The compensation data set describes the vehicle's initial state, eliminates 
inaccuracies during sensor assembly, and corrects measured time courses off-time. Compensatory 
measurements were performed in the form of ten repeated measurements, with a steady-state drive in 
a straight line, in both directions, on a 50 m track. In this way, we obtained quasi-static courses of 
the measured quantities for straight driving on a horizontal road (marked by an index 0) and also obtained 
the course of the longitudinal 𝑎0* and transverse acceleration 𝑎1*, the height coordinates of the front 
𝐻'* and rear 𝐻2*	of the body of the experimental vehicle, the directional deviation 𝜑*, the yaw rotation 
speed 𝜔* , and the steering wheel angle 𝛽(/, which we used to off-time correct the measured courses 




3. RESULTS AND DISCUSSION 
 
The moment of braking is recorded as a step change in the BS signal from 0 to 0.8. When the vehicle 
is braked in a straight line, the forward speed is reduced and a longitudinal deceleration ax is applied to 
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the vehicle. Deceleration causes inertia force Fi, which causes the body to pitch α about the transverse 
axis A (Fig. 4). 
Fig. 5 shows that there is a difference in the initial speed before braking. This is caused by the driver. 
The speed of the vehicle is governed by a human factor and not automatically. The difference in speed 
does not have a significant effect on the measured courses. The speed drop tangent line is very close in 
both cases. This situation is also apparent in Fig. 6. 
 
 
Fig. 5. Forward speed course 
 
Figure 6 shows that the longitudinal deceleration intensity at the start of braking is increased due to the 
optimum wheel slip. The wheel slip will then increase in relation to the road, causing a slight decrease 
in deceleration. A similar condition occurs when the vehicle is stopped, when again, for a short time, 
the wheel has the optimum slip and therefore -ax increases temporarily. The increase in longitudinal 
deceleration in extreme positions with the SW does not lead to as significant changes as those with EX 
due to the limited body roll rotation of the car. The steering wheel angle βV corresponds to a straight-
line drive (Fig. 7). 
 


























































·····  SW   
––– EX 
– –  BS 
 
·····  SW   
––– EX 
– –  BS 
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The default relative difference varies by 14°, again caused by the driver. Any fitting during a road 
test is within 3 degrees and therefore negligible as it does not affect the measurements performed. The 
positive steering angle values correspond to the steering to the right. The transversal acceleration ay 




Fig. 7. Steering wheel angle course 
 
Car body pitch rotation course α (Fig. 9) is consistent with the intensity of the forward deceleration.  
 
 
Fig. 8. Transversal acceleration course 
 
When comparing the SW car body’s pitch rotation to driving an EX vehicle on a sliding surface, it 
is apparent that it has a greater angle on the sliding surface. Limited pitch rotation is caused by the design 
of the SW system. To achieve a comparable angle of pitch rotation, we have also introduced the innovation 






















































·····  SW   
––– EX 
– –  BS 
 
·····  SW   
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The experimental data obtained during the road tests confirmed the assumption that by reducing the 
weight component to the vehicle’s wheel by means of additional wheel units, the adhesion force transmitted 
between the vehicle’s tire and the road can be reduced, at a constant coefficient of adhesion. The measured 
courses show that the vehicle with SlideWheel behaves in a manner similar to a conventional vehicle on 
a reduced-adhesion surface. The difference in the measured courses is in the car body’s pitch rotation. 
On vehicles with the SlideWheel system, this effect is limited due to the current construction. The design 
of SW has a significant effect on the limited car body’s pitch rotation. To eliminate this, a new version 
of the SW system is being developed, supplemented by an electronic control of the lifting of the wheel 
units, depending on the current driving conditions, such as the intensity of the longitudinal and 
transversal acceleration. The reduction of the adhesive weight due to the lifting of the car with the help 
of a wheel unit will also cause the tire's contact surface with the road to change. It is therefore impossible 
to state with certainty that by reducing the radial reaction of a wheel by 50%, the adhesion force is 
reduced by 50%. The change in the radial reaction in relation to the resulting change in adhesive force 
for the vehicle should be researched further. In order to generalize the conclusions, experimental 
measurements must be carried out during different types of driving tests, to the extent of a statistically 
significant number of measurements. SlideWheel can be used primarily where it is not possible to use 





This research work was supported by the Cultural and Educational Grant Agency of the Slovak 




1. Boopalan, N. & Ranjith, K. & Praveenraj, S. & Piruthiviraj, B. Design and fabrication of automotive 
vehicle dynamic control with collision avoiding and warning system. International Journal of 




























·····  SW   
––– EX 
– –  BS 
 
186   P. Jilek, J. Krmela, J. Berg 
 
2. Han, K. & Lee, E. & Choi, M. & et al. Adaptive scheme for the real-time estimation of tire-road 
friction coefficient and vehicle velocity. IEEE/ASME Trans. Mechatronics. 2017. Vol. 22. No. 4. 
P.1508-1518. 
3. Jilek, P. & Šefčík, I. & Verner, J. & et al. System allowing adhesion force change of road vehicle. 
In: 18th International Scientific Conference Engineering for Rural Development. Jelgava, Latvia. 
2019. P. 1876-1882. 
4. Choi, M. & Choi, S.B. Model predictive control for vehicle yaw stability with practical concerns. 
IEEE transactions on vehicular technology. 2014. Vol 63. No. 8, P 3539-3548. 
5. Jung, H. & Choi, S. Control of AWD System for Vehicle Performance and Safety. 8th International 
Conference on Computer and Automation Engineering (ICCAE 2016). Melbourne, Australia. 2016.  
6. Hajdučík, A. & Škrabala, J. & Medvecký, Š. & et al. Kinematic analysis of trapezoidal suspension. 
Scientific Journal of Silesian University of Technology. Series Transport. 2019. Vol. 104. P. 27-35. 
7. Lee, E. & Lee, J. & Choi, S. String tire model for evaluating steering agility performance using tire 
cornering force and lateral static characteristics. Vehicle System Dynamics: Int. J. Vehicle 
Mechanics and Mobility. 2016. Vol. 55. No. 2. P. 231-243. 
8. Novikov, I. & Lazarev, D. Experimental Installation for Calculation of Road Adhesion Coefficient 
of Locked Car Wheel. In: 12th international conference - organization and traffic safety 
management in large cities spbotsic-2016. St Petersburg. 2017. Vol. 20. P 463-467. 
9. Onat, A. & Voltr, P. Particle swarm optimization based parametrization of adhesion and creep force 
models for simulation and modelling of railway vehicle systems with traction. Simulation modelling 
practice and theory. 2020. Vol. 99. P. 156-163. 
10. Song, B. Cooperative lateral vehicle control for autonomous valet parking. International journal of 
automotive technology. 2013. Vol. 14. No. 4. P. 633-640.  
11. Soukup, J. & Krmela, J. & Krmelová, V. & at. al. FEM model of structure for weightlifting in CrossFit 
in terms of material parameters. Manufacturing Technology. 2019. Vol. 19. No. 2. P. 321-326. 
12. Krmela, J. Tire Casings and Their Material Characteristics for Computational Modeling. Częstochowa, 
Poland. 2017. ISBN 978-83-63978-62-4. Available at: http://krmela.wz.cz/ kniha_obalka_en.png. 
 
 
Received 02.11.2019; accepted in revised form 27.02.2021 
